Between the years 1970-2010, using the Carlson model criteria, the rate of eutrophication and trophic level of the largest dimictic lakes of Western Pomerania were studied. It was found that during the testing period, Lake Ińsko Duże was a mesotrophic reservoir, and Lakes Wądół, Będzin and Ińsko Małe were characterized by a highly advanced eutrophy. Lakes Woświn, Morzycko, Krzemień, Chłop Duży and Jelenin had borderline characteristics between being mesotrophic and eutrophic, while Lakes Narost, Chłop Mały and Wisala were typically eutrophic reservoirs. During the study, changes in the trophic level of Lakes Ińsko Duże and Morzycko and Woświn were noted. The first of the reservoirs listed had the best water quality in the second half of the 1990s, during which time the other two lakes had the worst water quality, taking into account the whole study period. Such changes were not observed in the other reservoirs examined.
Introduction
In the context of the complex problem of environmental pollution, great importance is attributed to the process of over-fertilization of surface waters, with eutrophication being a very important issue in their protection. Urbanization, industrialization and intensive agricultural production in the catchment area, as well as a significant development of tourism, with a lack of effective methods of protecting the lakes, affect them negatively and increase loading of biogenic substances, especially phosphorus and nitrogen. This condition resulted in recent decades in the rapid eutrophication of lakes, and loads of biogenic elements are often above the levels considered by Vollenweider (1989) to be dangerous. The high rate of eutrophication and high trophic level of surface waters, especially lakes, have become a global problem. The changes negatively impacting human life, and at the same time brought about by mankind, escalated in the 1930s, and now in many countries, including Poland, have grown to a dangerous size. The ongoing process of eutrophication has led, and continues to lead, to a decrease in the quality and disturbances in the biocenotic balance of the waters, and is visible even in the water bodies under special protection: in national parks.
Anthropopressure makes the abiotic factors, subject to quick changes, have a decisive impact on the functioning of hydrobiocenoses. The process has been reinforced in surface waters due to urbanization and intensive development of industry and agriculture. As a consequence, in the West Pomeranian Lake District, as in other Polish regions, the surface waters have been going through the process of eutrophication, constituting an extremely important problem in their protection, particularly in relation to lakes (Kubiak 2003) .
The increase in trophic level of lakes causes a decrease in their value in use: reducing the environmental values of lakes, their tourist and recreational attractiveness, as well as the possibility of their usage for fishing (Vollenweider 1971; Lossow 1995; Kalff 2002; Kubiak 2003) . This results in measurable economic losses. It is also considered that eutrophication is the greatest threat to the biodiversity of freshwater habitats (Hillbricht-Ilkowska 1998) . The economic importance of the lakes and the need to protect them are undisputed. In Poland, too, the escalation of the process of eutrophication has been observed (Kubiak 2003) .
Lakes are particularly sensitive to contaminants; they often do not return to their original state even after elimination of the source of contamination. Protection and restoration of lakes, especially those degraded, is extremely difficult and requires removal of the causes of degradation and knowledge of the complex ecosystem of the lake, the right choice of methods of restoration, and a consistent, often longterm study (Lossow 1995; Choiński and Ptak 2009) of their effectiveness. The costs of these works must be borne to prevent the degradation of lakes (Lossow 1995) . Putting in order the wastewater management, and changes in soil use in the lake catchment areas are just two of the ways to protect lakes, which can improve the quality of their waters.
Given the economic importance of lakes, the need to protect them, and the impact of eutrophication on the water quality in these reservoirs, in the present study the eutrophic levels and their changes in the years 1970-2010 in the largest (over 100 ha) stratified lakes of Western Pomerania have been presented.
Materials and Methods
The study covered the greatest (of a surface area larger than 100 ha) dimictic lakes in Western Pomerania located in the following areas: (OBiKŚ 1977) . The geographical position of the lakes studied and selected morphometric indicators of their basins are given in Table 1 . The analysis of the trophic level of lakes was based on the Carlson method (1977) , and on the rate of oxygen consumption (RAOD -relative areal oxygen deficit) in the hypolimnion during formation of the summer stratification, calculated using the method listed by Wetzel (2001) and Kalff (2022) introduced by Strøm (1931) and modified by Hutchinson (1938 Hutchinson ( , 1957 . Hydrochemical studies, i.e. regarding the total phosphorus and chlorophyll a concentration, were conducted in accordance with the generally accepted methodology (APHA 1981 (APHA , 1995 .
The results obtained were analysed with the statistics program Statistica 9.0 (StatSoft, Inc. 2010) and are presented in the paper's tables.
Results
Under the Carlson system (1977) , in assessing the trophic status of lake water the following elements are taken into consideration: measurements during the summertime of concentrations of total phosphorus and chlorophyll a in the surface waters, and Secchi depth. The present chapter will discuss the values of these indicators found in the studied lakes in the years 1970-2010, and the trophic status indicators (TSI) calculated in accordance with the system applied.
Total phosphorus concentrations in surface waters of the lakes under consideration during the period of the study were on average 0.089, with the range of variation from 0.030 to 0.222 mg P dm -3
. The lowest concentrations were below 0.051, and the highest above 0.130 mg P dm -3 (respectively, 10% of measurements in each of the ranges). The total phosphorus concentrations for the summertime in the surface waters of the lakes surveyed are shown in Table 2 .
The lowest values of this indicator were measured in Lake Ińsko Duże: in most cases the concentrations recorded were below 0.048 mg P dm -3 ; they were higher only in the years 1982 and 1987 (0.068 mg P dm -3 ). Lower concentrations of total phosphorus in comparison with other reservoir studies were found also in Lake Miedwie; usual values during summer stagnation in the surface waters were in the range of 0.055-0.060 mg P dm -3 . This range of concentrations resulted in the TSI calculated according to the Carlson model (1977) for these reservoirs attaining typically the levels from 55 to 60, indicating that the waters of these lakes were in advanced stages of mesotrophy. Higher concentrations of phosphorus than those reported for Lakes Ińsko Duże and Miedwie have been measured in Lake Chłop Duży (range 0.050-0.070) and on occasion, especially in the 1980s, in Lakes Krzemień and Morzycko. These phosphorus concentrations indicated a moderately low eutrophy level (TSI range of 60-65). The highest values of this particular indicator (above 0.100 mg P dm -3 ) were recorded for Lakes Wądół, Będzin and Ińsko Małe, as well as Narost and Wisala reservoirs. The phosphorus concentration for these lakes, and the trophic status indicators calculated on their basis, clearly point to a considerable degree of advancement of the process of eutrophication (strong eutrophy).
The concentration of chlorophyll a in the studied reservoirs varied within the range between 11.0 to 55.0 mg m (Table 2 ). The lowest concentrations of chlorophyll a were recorded for the waters of Lake Ińsko Duże throughout the entire study period, and Lake Krzemień in the late 1970s and early 1980s; these concentrations stood at 15 mg m -3 and below. Similar values of this indicator were found for the most part also in the surface ) were recorded in Lake Wisala. Such values of this indicator suggest an intensive ongoing process of eutrophication in these reservoirs, and a high level of eutrophy. The other lakes, taking into account the indicator being discussed, were characterized by average eutrophy levels (the concentration of chlorophyll a in the range of 20-25 mg m -3
, and TSI 59-63). Another determining indicator for the trophic level in the Carlson model (1977) is the Secchi disk visibility (Secchi depth). In the studied lakes, it varied during the study period from 0.4 to 4.3 m, usually ranging between 1.0-2.0 m (Table 2) . During the summer, the water transparency was the highest in Lake Ińsko Duże: for the whole period it was always above 2.8 m, and at the end of the 1990s it ranged from 4.0 to 4.3 m. These values were indicative of low value mesotrophy (TSI of 39-43). Water transparency of less than 1.0 m was recorded for Lakes Wądół, Będzin (TSI over 65) and less often also in Lake Narost; it clearly indicated the strong eutrophy of the waters of these reservoirs. In the other lakes, the indicator discussed was at the level characteristic for the waters on the borderline between mesotrophic and eutrophic, or for weak eutrophy.
In the studied lakes of Western Pomerania, the changes in the respective indicators characterizing each stage of the process of eutrophication were recorded during the study period. Lake Będzin, and in particular Lake Wądół were throughout the whole period strongly eutrophic. Lake Ińsko Duże on the other hand remained a mesotrophic reservoir, with its best water quality in the late 1990s, while in Lakes Morzycko and Woświn reduced water quality was observed during the 1990s. The other reservoirs in the entire study period were characterized by a similar stage of eutrophication. Based on the research conducted, these reservoirs can be divided into three groups:
• the first group, including Lakes Będzin, Wądół and Ińsko Małe, where an advanced process of eutrophication was recorded, the rate of oxygen consumption RAOD during the formation of the summer heterothermy was the highest (>100 µg dm -3 d -1 ) for these reservoirs ( ; Table 3 ). Outside of these groups remains Lake Ińsko, where the rate of oxygen consumption (Relative Areal Oxygen Deficit) was less than 40 µg dm -3 d -1 (Table 3) .
Discussion
Lakes are dynamic ecosystems that change over time in order to enrich and intensify the biological production. Transport, exchange and redistribution of mineral matter, derived from biogeochemical processes, organic matter produced in the ecosystem and contaminants introduced into the environment are the processes determining the direction and rate of lake evolution (Gotkiewicz et al. 1990; Lossow and Więcławski 1991) . In the local conditions, these processes are dependent on the whole set of factors: climatic, hydrological, hydrogeological and soil conditions in the catchment area. In addition, they are impacted by the morphometric characteristics and (Strøm 1931 , Hutchinson 1938 , 1957 hydrochemical relations of the reservoir (Olszewski and Tadajewski 1959; Lossow 1996; Stumm and Morgan 1996; Kalff 2002) . Of key importance to the lake are also the dynamics of water masses (Patalas 1960) , the functioning of its biocenosis, and exchange of elements between the solid phase and solution (Olszewski and Tadajewski 1959; Stumm and Morgan 1996; Kalff 2002) . These factors determine the intensity of lakes' eutrophication process (Table 4 ). In the waters of Lakes Wądół and Będzin, the characteristics indicating a very high trophic level were observed through the whole study period, which was primarily due to their high susceptibility to degradation (Kubiak 2003) . This was reinforced by the tachymictic type of water mass mixing, their shallowness, developed coastline and the small volume of the lake basin (Kubiak and Tórz 2005, 2006) . Lake Będzin's catchment area was intensively cultivated. Other parameters which characterize the area's susceptibility to degradation were also adverse: it is a flow-through lake, and a reservoir of this type is subject to high loading of matter from the outside, and is therefore particularly at risk of eutrophication (Hillbricht-Ilkowska and Kostrzewska-Szlakowska 1996).
In the case of Lake Wądół, the catchment area is a highly urbanized area, and the reservoir was used for recreational purposes, and for a number of years it was also a collector of municipal wastewater. In both of these lakes, the unfavourable ratio of the volume of the lake basin to the length of the developed shoreline caused the pollution load flowing from the catchment area to be received by a small volume of water. Such natural conditions resulted in poor water quality, and the eutrophication of lakes occurred at a rapid pace (Kubiak 2003) .
Lakes Chłop Mały, Ińsko Małe, Wisala and Narost according to the Carlson criteria (1977) were eutrophic throughout the whole study duration. They were characterized by a tachymictic (Chłop Mały, Ińsko Małe, Wisala) or eumictic, with inclination to tachymictic (Narost) water mass mixing (Kubiak and Tórz 2005, 2006) .
In these lakes, a major part of the lake bottom in the summer remained in the range of warm epilimnion, resulting in rapid recirculation of nutrients from bottom sediments into the water. The natural characteristics of the catchment area favoured surface runoff, (eg. lack of area), and therefore the pressure on the Table 4 . Mean values of trophic levels after Carlson (1977) EU ME ME ME ME ME ME ME ME ME EU ME ME SD -Secchi depth, Chl a -chlorophyll concentration, TP -total phosphorus concentration, TN -total nitrogen concentration, % O 2 -oxygenation level, ME -mesoeutrophy, EU -eutrophy lakes was large, resulting in their rapid eutrophication (Bajkiewicz-Grabowska 1990; Kudelska et al. 1994 ). In addition, intense eutrophication of these reservoirs was further reinforced by the usage of the catchment area, with a substantial share of farmland. Furthermore, the eutrophication has been intensified as a result of unfavourable morphological conditions of the lake basin (small basin volume with considerable length of coastline, thus the load of pollutants flowing from the catchment area was collected by a small volume of water). Lakes with borderline meso-and eutrophic characteristics throughout the study were Lakes Chłop Duży, Morzycko, Jelenin, Krzemień and Woświn; only in Lake Morzycko did the eutrophic characteristics prevail over the mesotrophic. All these reservoirs were medium-resistant to degradation, except for the highly resistant Lake Morzycko (Kubiak 2003; Kubiak and Tórz 2004) . The catchment area conditions in which the catchment area was little or moderately susceptible to loading of biogenic matter stored in its area caused the variations in the rate of eutrophication: slow for Lakes Jelenin and Chłop; moderate in Lakes Morzycko, Krzemień and Woświn (Kubiak 2003) . The slower pace of eutrophication was due to the agricultural and forest character of the immediate catchment area, reducing its capacity for loading of biogenic matter accumulated in the area. The favourable conditions of the catchment area resulted in meso-eutrophy of Lakes Chłop Duży and Jelenin. On the other hand, in the case of Lakes Krzemień and Woświn this state of affairs (despite the adverse conditions in the catchment area) was the result of the lake basin features such as greater lake depth and volume. The tendency of Lake Chłop Duży to bradymictic mixing of water masses, with high resistance to degradation and low catchment area susceptibility to biogene loading, meant that the advancement of the eutrophication process in the reservoir was the lowest among the meso-eutrophic lakes.
The mesotrophic Lake Ińsko Duże had medium or high resistance to degradation; this was favoured by the lake's significant depth, eumictic -with inclination to bradymictic -water mass mixing type and a significant share of hypolimnion in the total volume of the lake (Kubiak 2003) . The small surface of the lake bottom within the epilimnion has reduced the intensity of the recirculation of biogenic elements from the sediment layer to the trophogenic layer. High resistance to degradation balanced out the unfavourable lake catchment area conditions. The catchment area with a prevalence of farmland and forest and some buildings took part in its entirety in the delivery of biogenic loads to the lake; it showed, however, only average loading of the matter deposited in the catchment area (Bajkiewicz-Grabowska 1990) . The rate of eutrophication of the lake was moderate (Kubiak 2003) . The assessment of the trophic level of Lake Miedwie according to the Carlson criteria (1977) has shown that it is currently a mesotrophic reservoir with elevated concentrations of phosphorus (typical for eutrophy). Earlier, in the 1990s, it was a eutrophic water body. The studies conducted showed that the reservoirs less resistant to anthropopressure, with catchment areas favourable to surface runoff, had the trophic level high enough that it was impossible to determine significant trophic level fluctuations in them. On the other hand, the highly degradation resistant lakes did not show such trends, as they were effectively protected from the impact from the outside thanks to their natural features. It was also found that the reservoirs studied had varied trophic levels; the lakes with lower trophic status (Ińsko Duże, Chłop Duży, Jelenin) had, during the summertime, lower water dynamics and a more marked stratification of water masses. This has caused a limited penetration of biogenic elements from the hypolimnion to the euphotic layer (Patalas 1960; Kalff 2002) .
